Here, we show that λ-Red homologs found in the Vibrio -associated SXT mobile element potentiate allelic exchange in V. natriegens by~10,000-fold. Specifically, we show SXT-Beta (s065), , and λ-Gam proteins are sufficient to enable recombination of singleand double-stranded DNA with episomal and genomic loci. We characterize and optimize episomal oligonucleotide-mediated recombineering and demonstrate recombineering at genomic loci. We further show targeted genomic deletion of the extracellular nuclease gene dns using a double-stranded DNA cassette. Continued development of this recombination technology will advance high-throughput and large-scale genetic engineering efforts to domesticate V. natriegens and to investigate its rapid growth rate.
. In addition, recombinant expression of some λ-phage Red Beta homologues in E. coli displays attenuated HR activity, suggesting potential reliance on host-specific machinery ( 18 , 19 ) . To maximize the chances of finding a functional recombinase in V. natriegens , we searched for λ-phage Red homologs that had been previously identified in Vibrio species.
Here, we demonstrate the use of SXT recombinase proteins in V. natriegens for targeted mutagenesis using single-and double-stranded DNA. The SXT mobile genetic element, originally isolated from an epidemic strain of Vibrio cholerae , encodes homologous proteins to E. coli ssb (s064, single-strand binding protein), λ-Beta (s065, single-strand annealing protein), and λ-Exo (s066, alkaline exonuclease protein) ( 18 , 20 , 21 ) . SXT-Beta shares 43.6% identity with λ-Beta protein, whereas SXT-Exo shares only 25.1% identify with its λ homolog (Fig.  1a,b ). We were unable to find Vibrio -specific homologs of λ-Gam. Importantly, previous studies have shown that in E. coli , SXT-Beta enhances oligo HR to levels comparable to λ-Beta and RecT, whereas SXT-Beta and SXT-Exo together displays 50-fold lower dsDNA HR activity compared to λ-Beta-Exo and RecET ( 18 , 19 ) . We thus synthesized SXT-Beta-Exo de novo and placed it in an operon with λ-Gam for recombinant expression in V. natriegens (Methods).
To quantify recombination events, we designed a selection-based assay where a recombinogenic oligonucleotide rescues an otherwise inactive antibiotic marker. Specifically, we introduced a premature stop codon to the spectinomycin gene by mutating a single base, and cloned it onto a kanamycin-resistant pRST vector (Methods). Successful recombinants would result in colony formation on spectinomycin plates. We first assessed the background spectinomycin reversion rate with or without oligonucleotide. We found the spontaneous reversion rate to be <10 -10 cells in the absence of any recombination machinery (no spectinomycin resistant colonies could be detected). Importantly, we found that upon introduction of oligonucleotide, strains expressing SXT recombination proteins yielded~30-fold the number of colonies compared to no oligo control, and 100-fold the number of colonies compared to strain lacking any recombinase (Fig.  2a) . Notably, we found λ-Beta to be >2-fold less efficient than SXT-Beta; further work is required to better assess this difference (Methods).
We next proceeded to improving SXT-mediated recombination efficiency by optimizing induction times and oligonucleotide properties such as concentration, strandedness, and number of phosphorothioate bonds. We first explored conditions for sufficient induction of recombination proteins. Whereas standard E. coli recombineering protocols utilize short inductions, we found that overnight induction yielded 3-fold more recombinants than short induction upon subculturing ( 5 , 22 ) (Data not shown).
Previous studies have shown altered efficiency of λ-Beta recombination in E.coli based on the target's strandedness, as the mechanism of incorporation occurs via the creation of an Okazaki-like primer during chromosome replication ( 23 ) . As a result, oligonucleotides targeting the lagging strand are more recombinogenic than those targeting the leading strand. We tested for this hallmark of Beta-like recombination using complementary oligonucleotides, and found the "forward" oligonucleotide to be 6-fold less recombinogenic than the "reverse" oligonucleotide (Fig. 2b) . Based on this observation, we performed subsequent plasmid recombination assays with oligonucleotides targeting the "reverse" strand.
We next sought to determine the required oligonucleotide concentration for optimal recombination efficiencies. We observed that recombination efficiency increased linearly with increasing oligonucleotide concentration (Fig. 2c) . Notably, the highest tested concentration of oligonucleotides, equivalent to 90,300 oligonucleotide molecules per cell (1500 picomoles for ~10 10 electrocompetent cells), have not yet reached saturation of recombination efficiency. Considering a multi-copy plasmid target, this high ratio of oligos per cell strongly suggests that oligonucleotides are not efficiently recombined and are likely subject to degradation.
To probe potential sources of oligonucleotide degradation, we first modified our oligonucleotides with 5' phosphorothioate bonds. Increased number of 5' phosphorothioate bonds has been shown to increase recombination efficiency by preventing nonspecific exonuclease activity ( 5 , 24 , 25 ) . We found mild enhancement of recombination efficiency with addition of 1, 2, or 3 phosphorothioates, reaching 2-fold improvement using 4 phosphorothioates, similar to previous reports for recombination by λ-Beta in E. coli ( 5 ) (Fig. 2d ).
Another form of oligonucleotide degradation is the repair of DNA mismatches by the endogenous mismatch repair (MMR) system ( 26 ) . Previous studies have found that oligonucleotides carrying 6 mismatches effectively evade the endogenous E. coli MMR system ( 27 , 28 ) . We introduced 5 additional mismatched bases while maintaining synonymous codons. We found oligonucleotide with 6 mismatches to be~13-fold more recombinogenic than the one with a single mismatch (Fig. 2e) . Finally, we increased the concentration this oligonucleotide to 5000 pmoles, equivalent to 301,000 strands per electrocompetent cell, which yielded more than 10 4 recombinants (Fig. 2f ). Taken together, our results show that SXT-Beta potentiates oligonucleotide-mediated HR to an episomal target in V. natriegens by ~10,000-fold.
To assess oligonucleotide-mediated allelic exchange with genomic loci, we sought a chromosomal target which can be used as a selection when mutagenized. We chose 5-fluoroorotic acid (FOA) counterselection, which was originally established in S. cerevisiae and has been adapted for use in some Gram-negative bacteria ( 29 , 30 ) . FOA counterselection depends on the conversion of the uracil analog, 5-FOA, into a highly toxic compound by pyrimidine metabolic enzyme Orotidine-5'-phosphate decarboxylase, encoded by S. cerevisiae URA3. Cells with a functional URA3 gene are sensitive to 5-FOA, while cells with inactive URA3 survive. For wild-type V. natriegens , we found that colonies will form over time despite high levels of 5-FOA, necessitating replica plating to improve selection (Methods).
We targeted the pyrF (chr1), the V. natriegens URA3 homolog, for introduction of a premature stop codon by oligonucleotide-mediated recombination. Following electroporation, colonies were grown, replica plated on 5-FOA plates, and the target loci was sequenced by Sanger (Methods). We found 2 of 9 colonies which carried the desired pyrF mutation with the remaining colonies showing aberrant deletions, indicating that FOA induces unwanted mutagenesis. Thus, we next sought to directly quantify oligonucleotide-mediated genomic recombination by deep sequencing.
We targeted four genes for introduction of in-frame stop codons: dns (chr1), mutS (chr1), lacZ (chr1), and xds (chr2). To evade endogenous MMR, mutations were designed such that 6 contiguous mismatches would result in 2 consecutive premature stops codons ( 27 , 28 ) . We pooled and electroporated oligonucleotides into cells expressing SXT recombination proteins, then quantified the abundance of each allele by deep sequencing (Methods). In the absence of selection, we were able to detect allelic exchange for the xds target 1 in~10 6 reads whereas we were unable to observe mutations at the other 3 targets at our sequencing depth ( mutS, 10 5 reads; dns and lacZ, 10 6 reads). Performing a second round of recombineering, which increases the penetrance of allelic exchange in E. coli , did not improve the detection of these recombination events ( 5 ) . Our initial optimization of SXT-mediated recombineering enables direct genomic editing in V. natriegens and further work is ongoing to improve its efficiencies to rival that of λ-Red recombineering in E.coli ( 10 ) .
Interestingly, we found the genomic copy number of xds to be~4-fold less than the other 3 targets, indicating xds is further from the origin of replication (Methods) Given the fewer xds targets relative to the other loci and the rapid generation time of V. natriegens , it is interesting to consider potential host-specific processes that may hinder techniques for genome modifications. Further work to pinpoint the underlying molecular mechanisms that impede genomic recombination will be required to enable selection-free recombineering.
In addition to oligonucleotides, recombineering can be achieved by double-stranded cassettes which contain regions of homology to the target loci. It has been previously shown that λ-Exo and λ-Gam are required in addition to λ-Bet protein for dsDNA recombineering in E. coli (31) . Similarly, we show that co-expression of SXT-Exo and λ-Gam in addition to SXT-Beta is sufficient for dsDNA recombineering in V. natriegens .
We chose to delete dns , one of two extracellular DNAse genes in V. natriegens , which is homologous to endA in E. coli. Strains of E. coli carrying endA1 allele are deficient in DNAse activity and are useful as cloning and sequencing strains ( 32 ) . Recently, a Vibrio natriegens Δ dns strain was shown to improve plasmid yield ( 2 ) . We constructed a double-stranded DNA cassette by assembly PCR which consisted of the spectinomycin antibiotic gene flanked on both ends by 500 bp genomic sequences immediately downstream and upstream of dns . Cassettes were PCR amplified with primers containing zero or two phosphorothioates at the 5' end, yielding 4 separate cassette types. We electroporated 1 µg (~750 fmol) of each cassette into V. natriegens strain expressing the SXT recombination operon. Resulting spectinomycin resistant colonies were screened by PCR, as recombination would yield a 2.1 kb product rather than 1.7 kb for wild type (Fig. 3a) . Notably, we only obtained colonies when the input cassette contained 5' phosphorothioates on at least one strand, indicating that evasion of endogenous nucleases is critical in V. natriegens . We found 1 of 8 transformants to yield the 2.1 kb PCR product and we confirmed this putative dns deletion mutant by whole genome sequencing (Fig. 3b) .
Taken together, these data demonstrate SXT-mediated recombineering in V. natriegens , which can be used to perform episomal DNA manipulations or genomic knock-outs. Efforts in process and host engineering to improve these efficiencies are currently ongoing. For example, identification and inactivation of E. coli exonucleases has been shown to improve the in vivo stability of both oligonucleotides and double-stranded cassettes, resulting in significant improvement for selection-based recombineering ( 33 ) . Replacing native regulatory elements for SXT may also be beneficial, as SXT-Beta has be found to be under strong translational regulation in V. cholerae ( 34 ) . Finally, CRISPR/Cas9 methods, previously demonstrated in V. natriegens , can be used as powerful negative selection to enable facile isolation of recombinants ( 1 ) .
Enabling massively-multiplexed oligonucleotide recombineering in V. natriegens would allow for the rapid generation of biotechnologically useful strains for cloning, protein expression, and production of valuable molecules ( 2 -5 , 35 ) . Such strains could be further engineered for virus resistance, incorporation of nonstandard amino acids, and genetic isolation ( 4 , 36 , 37 ) . Importantly, these methods will also facilitate high-throughput functional genomics for V. natriegens , accelerating our ability to study the genetic determinants underlying its remarkable generation time. 
